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Neisseria meningitidis is a major cause of sepsis and meningitis but is also a common commensal, present in
the nasopharynx of between 8 and 20% of healthy individuals. During carriage, the bacterium is found on the
surface of the nasopharyngeal epithelium and in deeper tissues, while to develop disease the meningococcus
must spread across the respiratory epithelium and enter the systemic circulation. Therefore, investigating the
pathways by which N. meningitidis crosses the epithelial barrier is relevant for understanding carriage and
disease but has been hindered by the lack of appropriate models. Here, we have established a physiologically
relevant model of the upper respiratory epithelial cell barrier to investigate the mechanisms responsible for
traversal of N. meningitidis. Calu-3 human respiratory epithelial cells were grown on permeable cell culture
membranes to form polarized monolayers of cells joined by tight junctions. We show that the meningococcus
crosses the epithelial cell barrier by a transcellular route; traversal of the layer did not disrupt its integrity,
and bacteria were detected within the cells of the monolayer. We demonstrate that successful traversal of the
epithelial cell barrier by N. meningitidis requires expression of its type 4 pili (Tfp) and capsule and is dependent
on the host cell microtubule network. The Calu-3 model should be suitable for dissecting the pathogenesis of
infections caused by other respiratory pathogens, as well as the meningococcus.

Neisseria meningitidis is a leading cause of fatal sepsis and
meningitis worldwide (61). Despite being an important human
pathogen, the bacterium is also a common commensal, found
in the nasopharynx of between 8 and 20% of healthy individ-
uals (25, 62). The human nasopharynx is lined by a columnar
epithelium that forms the first cellular barrier encountered by
the meningococcus following its acquisition. This cell layer
consists of differentiated, polarized, respiratory epithelial cells
joined by tight junctions that form a barrier which excludes
mucosal pathogens. The majority of cells in the layer are cili-
ated, resulting in a brush border, although areas of nonciliated
cells are also present, along with mucus-secreting goblet cells
(54). To cause disease the meningococcus must spread from
the nasopharynx, its only natural reservoir, penetrate the upper
respiratory epithelial cell barrier, and enter the systemic circu-
lation. Furthermore, during asymptomatic colonization bacte-
ria are not confined to the epithelial surface of the nasophar-
ynx but are also found in clusters beneath the epithelial cell
layer in tonsillar tissue (57). Therefore, defining the route and
mechanisms of passage of the respiratory epithelial cell layer
by N. meningitidis are relevant for understanding both menin-
gococcal carriage and disease.

Traversal of an epithelial barrier by a pathogen can be con-
sidered to consist of a number of steps, which include (i)
adhesion to the apical surface, (ii) invasion of epithelial cells,
(iii) survival within cells, (iv) movement to the basal side of
cells, and (iv) escape from the basolateral aspect of the epi-

thelium. The initial step in traversal by N. meningitidis involves
attachment of bacteria to epithelial cells. Work with nasopha-
ryngeal tissue in an organ culture model indicates that menin-
gococcal attachment is largely limited to nonciliated cells of
the respiratory epithelium (63). For encapsulated meningo-
cocci, adhesion is mediated by bacterial surface-associated fil-
amentous structures called type 4 pili (Tfp) (42, 46, 50, 64),
which are also required for colonization of human nasopha-
ryngeal tissue (16). Tfp perform several important functions,
including DNA uptake (77), twitching motility (43), and bac-
terial aggregation (28), and have been proposed to mediate
meningococcal attachment to host cells by binding to CD46
(33). After initial adhesion, N. meningitidis forms microcolo-
nies on the apical surface of epithelial cells and the microvilli
of infected cells become elongated and interweave through the
microcolonies (51, 63). Bacteria replicate within the micro-
colonies then disperse across the cells in a Tfp-dependent
manner (51). After dispersal, the pili retract and bacteria be-
come tightly associated with the host plasma membrane; at this
stage bacteria may be internalized (50, 60, 63).

Although the mechanisms that mediate attachment of N.
meningitidis to epithelial cells are well understood, there is a
paucity of information about the subsequent steps involved in
traversal of the epithelial cell barrier. Indeed, there are even
conflicting data regarding the route of traversal with both para-
cellular and transcellular routes identified in experiments with
endometrial and gastrointestinal cells (3, 42, 50). Although the
related pathogen, Neisseria gonorrhoeae, migrates through cells
(76), it is not possible to extrapolate findings from this unen-
capsulated bacterium to the meningococcus, given the pro-
posed role of capsule for survival within cells (60). Therefore,
the aim of the present study was to determine the route of
traversal of N. meningitidis across the respiratory epithelial cell
barrier and define host and pathogen factors involved in this
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key step in pathogenesis. We used Calu-3 cells to establish a
model for meningococcal traversal of the respiratory epithelial
barrier. Calu-3 human bronchial epithelial cells are one of the
few respiratory cell lines that differentiate into polarized
monolayers when grown on porous membranes in vitro (14, 20,
21, 56). Growing the cells in this way allows bacteria to escape
from the basolateral surface and provides them with the epi-
thelial cell barrier encountered in the nasopharynx without the
need for organ culture models, which are not well suited for
defining mechanisms of cell entry and passage. Calu-3 mono-
layers display features of differentiated human airway epithe-
lium with junctional complexes (24, 56) and apical-basal dif-
ferentiation and possess transport and metabolism functions
(20). These characteristics have led to Calu-3 cells becoming
widely used for in vitro studies of drug delivery and toxicology
of the human respiratory epithelium (5, 7, 14, 17, 38, 49). We
show that N. meningitidis crosses the respiratory epithelial
monolayer by a transcellular route without disrupting the bar-
rier function of the layer. We also demonstrate that the bac-
terial capsule and Tfp are important for this process. These
structures are also required for passage when cells are grown
with an air interface. On the host side, an intact microtubule
network is necessary for efficient traversal, while we observed
no effect of the proposed Tfp receptor, CD46.

MATERIALS AND METHODS

Bacterial strains and growth conditions. N. meningitidis was cultured in brain
heart infusion (BHI) broth (Oxoid) or on BHI agar (1.5% [wt/vol], Agar No.1;
Oxoid) with 5% Levinthal’s supplement. Escherichia coli was grown in Luria-
Bertani (LB) broth (Gibco) at 37°C with shaking or on LB agar. Details of the
strains used in this work are shown in Table 1. Antibiotics were used at the
following concentrations: kanamycin at 50 and 100 �g ml�1 and erythromycin at
200 and 2 �g ml�1 for E. coli and N. meningitidis, respectively, and carbenicillin
at 50 �g ml�1.

Cell culture. Calu-3 epithelial cells were cultured in DMEM:F12 (Invitrogen),
while Chang epithelial cells were propagated in RPMI 1640 (Invitrogen). Media
were supplemented with Glutamax (Invitrogen) and 10% fetal calf serum (PAA
Laboratories). All cells were grown at 37°C in 5% CO2. Calu-3 monolayers were
grown on �1-cm2, 1-�m-pore-size, BD Falcon cell culture inserts (BD Bio-
science) containing polyethylene terephthalate membranes in 12-well tissue cul-
ture companion plates (BD Bioscience). Cells (4 � 105) were seeded onto the
apical side of membranes. For assays performed with liquid-covered culture
(LCC), layers were maintained with 1 ml of culture medium in the apical
chamber and 1.5 ml in the basolateral chamber. Cells were allowed to grow and
differentiate for 5 days, with the media changed every second day. Air interface
culture (AIC) monolayers were seeded and maintained as described above ex-
cept that the apical media were removed after 2 days. The transepithelial elec-
trical resistance (TEER) across monolayers was measured with an EVOM
TEER meter attached to STX chopstick electrodes (World Precision Instru-
ments); only monolayers with TEER of more than 1,400 � were used in exper-
iments.

Texas Red-labeled 70,000-molecular-weight dextran (70,000-MW dextran; fi-
nal concentration, 0.1 �M; Invitrogen) was added to the apical chamber of cell
culture wells. Samples were taken from the basolateral chamber at various times
afterwards, and the fluorescence analyzed with a spectrophotometer (Varian
Cary Eclipse). For microscopy, coverslips were seeded with Calu-3 cells at a
density of 4 � 105 cells/well and Chang cells at a density of 5 � 104 cells/well in
24-well plates. Cells were grown to semiconfluence overnight.

Challenge of cells with bacteria. All inocula consisted of 1 ml of a bacterial
suspension per tissue culture well except for infection of AIC layers, for which a
volume of 200 �l per well was used. Bacteria were harvested after overnight
culture on solid media and resuspended in 400 �l of phosphate-buffered saline
(PBS). The concentration of the bacterial suspension was adjusted in culture
media to give the desired multiplicity of infection (MOI). For traversal assays,
media in the basolateral chambers of monolayers were replaced immediately
prior to challenge. For competitive infections (2), inocula consisting of a 1:1 ratio
of mutant to wild-type bacteria with a final MOI of 40 were prepared and added
to the apical chamber. The ratio of bacterial strains in the inoculum was deter-
mined by serial dilution and plating to media with or without antibiotics. After
7 h, cell culture inserts containing infected monolayers were washed then trans-
ferred to new wells containing 1.5 ml of culture media in the basolateral chamber
and left for 1 h. The ratio of strains in the basolateral chamber was determined
by plating to solid media. This procedure was repeated at 23 h postchallenge. The
competitive index was calculated by dividing the ratio of mutant to wild-type in
the output by the ratio in the input and was expressed logarithmically as the log
competitive index (logCI).

Adhesion assays were performed by inoculating polarized monolayers with
bacteria at an MOI of 40. After 3 h the monolayers were rinsed with Hanks
buffered saline solution (Invitrogen) and then treated with 1% saponin to lyse
cells and release all cell-associated bacteria. The numbers of cell-associated
bacteria were enumerated by plating onto solid BHI media. The influence of
purified CD46 on adhesion was assessed by adding the purified protein to
bacteria prior to infection of cells. The inoculum was prepared at the required
MOI, and 6.25 �g of purified CD46 (consisting of the extracellular domain
alone) was added per 107 bacteria. Bacteria and CD46 were incubated together
at 37°C for 30 min, and then added to the cells. When required, different
anti-CD46 monoclonal antibodies (MAbs) or an isotype control at a concentra-
tion of 2 �g/ml were added to the infection medium for 3 h. Details of antibodies
used in the present study are given in Table 2.

For recovery of intracellular bacteria, Calu-3 monolayers were challenged with
bacteria at an MOI of 40. At 8 or 24 h after inoculation, the monolayers were
washed three times with PBS on their apical and basolateral surfaces and then
incubated with 200 �g of gentamicin/ml for 30 min, again in both the apical and
the basolateral chambers. Next, cell culture inserts were washed three times with
PBS, and cells were lysed by a 5-min treatment with 1% saponin in PBS. The
number of intracellular bacteria was established by serial dilution of lysates and
plating to solid media.

Chemicals and inhibitors. Taxol and nocodazole (Sigma) were dissolved in
dimethyl sulfoxide (DMSO) and used at a final concentration of 2 �M. Nocoda-
zole was added to media on the apical surfaces of cells, which were then incu-
bated at 4°C for 45 min and left at 37°C for 45 min prior to challenge. Taxol was
added to the cells at the time of the challenge. The number of bacteria traversing
monolayers was expressed as the proportion of the number of bacteria recovered
from the basolateral chamber of wells containing no cells. Latrunculin A (Sigma)
was used at a final concentration of 1 �M. In all cases, the final concentration of
DMSO in culture wells never exceeded 0.1%.

Fixation, labeling, and staining. Antibodies were diluted in 10% horse serum
in PBS. Samples for confocal microscopy were washed twice with PBS, fixed for

TABLE 1. Strains used in this study

Species Strain Description Antibiotic
resistancea Origin or reference

N. meningitidis MC58 Serogroup B clinical isolate, ET-5 Isolated in the United
Kingdom in 1989

MC58 eGFP MC58 carrying pEG2 Ery 6
MC58�pilE Transposon inserted in pilE; Tfp deficient Kan 15
MC58�siaD Deletion mutagenesis of sialyl transferase, capsule deficient Ery 74

E. coli DH5� Invitrogen

a Kan, kanamycin; Ery, erythromycin.
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15 min at room temperature in 3% paraformaldehyde in PBS, and then washed
three times with PBS. For labeling of intracellular and extracellular bacteria, the
cells were incubated for 1 h with an � lipopolysaccharide (LPS) antibody
(�L3,7,9), after which the cells were washed twice in PBS and incubated for 30
min with an �-mouse RRX-conjugated secondary antibody to label extracellular
bacteria. Cells were permeabilized by treatment with 0.2% Triton X-100 (TX-
100) in PBS, and the labeling process was repeated except that a Cy2-conjugated
�-mouse secondary antibody was used to label both intracellular and extracel-
lular bacteria. Host cell structures were labeled after permeabilization; actin was
stained with fluorescently labeled phalloidin. After labeling, coverslips were
washed twice in PBS and then double-distilled H2O, mounted in ProLong Gold
(Invitrogen), and analyzed by fluorescence microscopy (BX40; Olympus) or a
confocal laser scanning microscopy (LSM510; Zeiss). Images were imported into
Adobe Photoshop CS2 for processing.

For transmission electron microscopy (TEM), samples were washed three
times on ice with ice-cold PBS and then immersed in EM-grade glutaraldehyde
(Agar Scientific) diluted to 0.5% in 200 mM sodium cacodylate (Agar Scientific)
at room temperature for 30 min. Next, the samples were washed three times in
200 mM sodium cacodylate buffer and postfixed in 1% osmium tetroxide–1.5%
potassium ferrocyanide at room temperature for 1 h. Cells were then washed in
water, incubated in 0.5% magnesium-uranyl acetate overnight at 4°C, washed
again in water, dehydrated in ethanol, and embedded in Epon. Cross-sections
were cut through fixed monolayers and placed on EM grids. Lead citrate was
added for contrast, and the grids were then examined by using a Biacore 2000
transmission electron microscope.

Tfp and capsule expression. Monolayers were infected with MC58 at an MOI
of 40 as described above. After 24 h, the bacteria were recovered from the apical
and basal chambers. A total of 10 colonies from the apical and 10 from the basal
chambers were grown overnight on solid media and then harvested and resus-
pended in 0.5 ml of PBS (Sigma, United Kingdom). For slot blot analysis of Tfp
expression, samples were combined with an equal volume of 2� SDS-PAGE
sample buffer, boiled for 10 min, and then transferred to Immobilon P polyvi-
nylidene fluoride (PVDF) membranes (Millipore) by using a Minifold slot blot
system (Whatman). The membranes were blocked in 5% milk in PBS for 1 h at
room temperature with gentle shaking. Relevant antibodies were diluted in
PBSTM (PBS, 0.05% Tween 20, 0.5% skimmed milk) and incubated with the
PVDF membrane for 1 to 2 h, followed by three washes with PBSTM for 10 min
each time. After incubation with the primary MAb (SM1 which recognizes class
I pilin [70]), the PVDF membrane was washed with PBSTM three times for 10
min each time. A goat anti-murine immunoglobulin antibody conjugated to
horseradish peroxidase (DakoCytomation) was used as the secondary antibody.
Antibody binding was detected by using ECL Western blotting detection re-
agents (GE Healthcare).

Capsule expression was analyzed by enzyme-linked immunosorbent assay
(ELISA). Suspensions of bacteria were prepared in PBS as described above and

diluted to a concentration of 109. Bacteria were heated at 56°C for 1 h and then
resuspended in ELISA coating buffer (Sigma). Samples (100 �l) were added to
the wells of 96-well plates and left overnight at 4°C. Wells with coating buffer
alone or those coated with MC58�siaD were included as controls. Next, the
plates were washed with water and then incubated for 2 h with 2% bovine serum
albumin in PBS. After blocking, plates were washed three times with PBS–0.1%
Tween and incubated with �-serogroup B capsule MAb for 1 h at 37°C. Plates
were washed three times in PBS–0.1% Tween and incubated with � murine
immunoglobulin goat polyclonal antibody (pAb) conjugated to horseradish per-
oxidase (�M HRP) for a further hour at 37°C. After further washes, 100 �l of
Sigmafast OPD substrate (Sigma) was added to plates for 6 min, and the reaction
stopped with 100 �l of 0.3 M HCl. The absorbance was read at 492 nm using
Ascent software.

RESULTS

Interactions between Calu-3 respiratory epithelial cells and
N. meningitidis. Initially, we compared the interactions of the
meningococcus with Calu-3 and Chang cells grown to semicon-
fluence and then challenged with MC58, a clinical serogroup B
isolate of N. meningitidis, at an MOI of 100, which is in the
range of MOIs used in other studies. This MOI represents a
midpoint in a large range of MOIs used to study the interaction
of N. meningitidis with Chang cells (4, 73). MC58 adhered to
and invaded into Calu-3 and Chang cells at similar levels (the
average numbers of adherent bacteria per cell were 17.4 and 20
for Chang and Calu-3 cells, respectively; the average numbers
of internalized bacteria per cell were 2.18 and 2.21 for Chang
and Calu-3 cells, respectively [see Fig. S1 in the supplemental
material]). Furthermore, adhesion of N. meningitidis to Calu-3
cells was facilitated by Tfp (see Fig. S1 in the supplemental
material), in keeping with results using other epithelial cell
lines (47, 50, 69), and Calu-3 cells express CEACAMS (results
not shown), which are receptors for Neisseria Opas (75).

Since N. meningitidis adheres to and enters into Calu-3 cells,
we next grew the cells on permeable membranes in cell culture
inserts so they formed a barrier between the apical and baso-
lateral chambers (see Fig. S2 in the supplemental material).
The development of tight junctions between cells was moni-

TABLE 2. Antibodies used in this study

Antibody Target Origin
Working

dilution or
concn

Source or reference

�L3,7,9 LPS3,7,9 (4047) Mouse monoclonal 4047 1/200 NIBSC
�ZO-1 ZO-1 Rabbit polyclonal 1/30 Zymed
�Occ Occludin Rabbit polyclonal 1/30 Zymed
��-tub E7 �-Tubulin Mouse polyclonal 1/100 Developmental Studies Hybridoma

Bank, Iowa
�SM1 PilE Mouse monoclonal 1/1,000 70
�menB 95/750 N. meningitidis serogroup B capsule Mouse monoclonal NIBSC
�M HRP Mouse immunoglobulins Goat polyclonal 1/1,000 Dako
��-tub E7 �-Tubulin Mouse polyclonal 1/100 Developmental Studies Hybridoma

Bank, Iowa
�M Cy2 Mouse IgG Donkey polyclonal 1/200 Jackson
�M RRX Mouse IgG Donkey polyclonal 1/200 Jackson
�R Cy5 Rabbit IgG Donkey polyclonal 1/200 Jackson
122-2 CD46 Mouse monoclonal 1/50 Santa Cruz Biotechnology, Inc.
1.BB.442 CD46 Mouse monoclonal 1/200 Santa Cruz Biotechnology, Inc.
E4.3 CD46 Mouse monoclonal 2 �g/ml Pharmingen
J4.48 CD46 Mouse monoclonal 2 �g/ml Santa Cruz Biotechnology, Inc.
Isotype control IgG Mouse monoclonal 2 �g/ml Dako
Phalloidin Alexa 595 Actin 1/100 Invitrogen
Phalloidin Alexa 647 Actin 1/100 Invitrogen
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tored by measuring the TEER across layers. The level of
TEER across Calu-3 cells was influenced by a number of fac-
tors. Reducing the size of pores in membranes led to higher
levels of TEER but pores of 	1 �m impeded the passage of
bacteria (not shown). Therefore, we selected membranes with
1-�m pores for all subsequent studies, which, with seeding cells
at a density of 4 � 105 per cm2, gave consistent levels of TEER
of �1,850 � after 5 days (Fig. 1A). The development of the
epithelial cell barrier after the seeding of wells was also dem-
onstrated by the permeability of the monolayer to fluorescently
labeled 70,000-MW dextran added to the apical chamber. In-
creasing TEER over time coincided with decreasing perme-
ability of the layer to the tracer (Fig. 1A), demonstrating that
the cells formed an effective barrier within 5 days of seeding.

Furthermore, TEM confirmed that Calu-3 cells formed con-
fluent monolayers with the morphological features of a polar-
ized respiratory epithelium (Fig. 1B, C, and D) consisting of a
continuous monolayer of columnar cells linked by junctional
structures. There was apical-basal polarization, with nuclei lo-
cated toward the basolateral side of cells, the development of
tight junctions, and microvilli on the apical surface (Fig. 1B).
Full junctional complexes (with tight junctions, adhesion belts,
and desmosomes) were present between cells (Fig. 1C), and
the membranes of adjacent cells were barely distinguishable
(Fig. 1D). Immunofluorescence microscopy of the tight junc-
tion proteins zonula occludens-1 (ZO-1; Fig. 1E) and occludin
(Fig. 1F) showed the characteristic chicken-wire pattern
formed by their continuous presence at the margins of cells. At
this time, while the tracer diffused freely into the basolateral
chamber in the absence of cells (see Fig. S3A in the supple-
mental material), no tracer was detected in the basolateral
chamber even after 24 h (see Fig. S3B in the supplemental
material). In addition, we challenged the apical surface of
the monolayer with noninvasive E. coli DH5� and moni-
tored its appearance in the basolateral chamber over time.
When no cells were present on the cell culture membrane,
E. coli was detected in the basolateral chamber within 2 h of
challenge (see Fig. S3C in the supplemental material). In
contrast, no bacteria were detected in the presence of
Calu-3 cell monolayers (see Fig. S3D in the supplemental
material) even after 8 h.

N. meningitidis traverses the epithelial cell barrier by a tran-
scellular route. Next, we investigated the traversal of N. men-
ingitidis across Calu-3 monolayers 5 days after seeding. The
apical surfaces of layers were challenged with MC58 at an MOI
of 40 and, 8 and 24 h later, the inserts containing infected
membranes were washed thoroughly in media and then trans-
ferred into new wells. After 1 h, samples were taken from the
basal chambers of the new wells and plated to BHI. N. men-
ingitidis was detected traversing in small numbers (equivalent
to 0.0035% of input) at 8 h postchallenge. By 24 h, the number
of bacteria traversing over the course of 1 h had increased by

FIG. 1. Morphology of Calu-3 monolayers. (A) Development of
the Calu-3 monolayer over time, showing increasing TEER and de-
creasing permeability to Texas Red-labeled 70,000-MW dextran. Flu-
orescent tracer was added to the apical chamber of monolayers at
various times postseeding, and the levels of fluorescence in the baso-
lateral chamber were measured after 6 h. Error bars show the standard
deviation from at least three separate experiments. (B) For TEM
analysis, cells were grown for 5 days on cell culture inserts. A lower-
magnification view (scale bar, 4 �m) shows cells organized into a
monolayer of columnar cells joined by tight junctions (TJ) and des-
mosomes (D). The cell culture membrane (CCM) can be seen on the
basolateral surface of the cells. Apical-basal differentiation is demon-
strated by the basal location of nuclei and the presence of microvilli
(MV) on the apical surface. (C) Analysis of the cell boundaries shows
the formation of extensive junctional structures including full junc-
tional complexes (JC) composed of (from apical to basal surface) a
tight junction (TJ), an adhesion belt (AB), and a desmosome (D).

Scale bar, 1 �m. (D) Close apposition of cell membranes within a tight
junction. Scale bar, 1 �m. The integrity of the layer and presence of
tight junctions was further confirmed by using confocal microscopy to
visualize the tight junction-associated proteins, ZO-1 (E) and occludin
(F). Scale bars, 5 �m.
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around 4 orders of magnitude (Fig. 2A). Bacteria could occa-
sionally be found in the basal chamber prior to 8 h but never
earlier than 6 h (not shown). At 16 h, intermediate levels of
traversing bacteria were found (not shown).

Traversal of the monolayer by N. meningitidis might result
from loss of integrity of the tight junctions or cell death. There-
fore, the TEER across the monolayer was monitored during
the course of an infection. Although the TEER across the layer
fell after bacterial challenge, the levels never dropped to below
40% of initial readings and also fell in wells infected with E.
coli and the uninfected control wells (Fig. 2B). The integrity of
the layer during infection was also monitored by adding the
fluorescent tracer to the apical surface of the monolayer at the
time of challenge. Although bacteria successfully traversed
the monolayer, there was no increase in fluorescence in the
basolateral chamber beneath the infected cells even after 24 h.
Indeed, there was no significant difference in the level of flu-
orescence in the basolateral chamber of infected and unin-
fected monolayers (Fig. 2C).

Infected monolayers were also fixed and examined for the
presence of the tight junction protein ZO-1. The distribution
of ZO-1 in infected cells was indistinguishable from uninfected
monolayers (Fig. 3A). The protein was present at the margins
of all cells, with no gaps or disruption detected. In addition, we
examined infected monolayers by TEM. At 8 h after inocula-
tion, microcolonies of N. meningitidis were present on the
apical surface of the monolayer (Fig. 3B). These bacteria were
tightly associated with the apical surface of the cells of the
monolayers and were often found on pedestal-like protrusions
of the apical membrane (Fig. 3B and C). After 24 h, the
number of adherent bacteria had increased and covered a
larger area of the apical surface of the monolayer (Fig. 3D).
Meningococci were still closely adherent to the apical surface
(Fig. 3E), and examination of the margins of cells revealed that
the junctional structures were intact (Fig. 3F), a finding con-
sistent with the results obtaining by ZO-1 labeling; even
though gaps were evident between cells below the tight junc-
tions, these were present in infected and uninfected monolay-
ers (Fig. 1 and 3). Taken together, these data demonstrate that
there is no loss of integrity of the Calu-3 monolayer coincident
with traversal of N. meningitidis, indicating that the meningo-
coccus does not cross the epithelial barrier by a paracellular
route or after the loss of cells from the layer.

These results suggest that N. meningitidis traverses the res-
piratory monolayer by a transcellular route, which predicts that
the cells of the monolayer should harbor a population of in-
tracellular bacteria during traversal. Therefore, monolayers of
cells were challenged with MC58 and then, after 8 or 24 h, were
exposed to gentamicin for 1 h to kill extracellular bacteria.
Cells were lysed by treatment with saponin to release intracel-
lular bacteria, which were recovered by plating lysates to solid
media. A population of gentamicin-protected bacteria (repre-
senting ca. 0.1% of the input) was consistently present in cells
at 8 h postchallenge, and this number increased by an order of
magnitude by 24 h postchallenge (Fig. 4A). In contrast, no
bacteria were recovered from gentamicin-treated membranes
that had been infected with N. meningitidis in the absence of
cells (not shown).

It was possible that the recovered bacteria survived genta-
micin treatment by occupying extracellular sites between cells
in the monolayer that were inaccessible to the antibiotic.
Therefore, the infected monolayers were disrupted by treat-
ment with trypsin for 10 min or latrunculin A for 20 min prior
to incubation with gentamicin. Exposure of the monolayer to

FIG. 2. N. meningitidis traverses the Calu-3 monolayer without affect-
ing barrier function. (A) Polarized monolayers were challenged with
MC58 at an MOI of 40. The number of bacteria traversing the layer was
established by moving inserts to a fresh well at 8 and 24 h and then
sampling 1 h later, from the basolateral chamber of the new well. The
results are shown as the percentage of bacteria in the input. Dots repre-
sent individual wells from four separate experiments; horizontal bars
represent the mean. (B) TEER was monitored in the presence or absence
of bacteria for 24 h following inoculation. Despite bacterial passage,
TEER did not fall below 40% of initial levels. (C) Texas Red-labeled
70,000-MW dextran was added to the apical side of cell monolayers, which
were then challenged with MC58 at an MOI of 40, and the fluorescence
in the basolateral chamber was monitored over the next 24 h. The fluo-
rescence did not increase despite bacterial passage. Diffusion of tracer
across inserts with no cells was included as a control. Error bars show the
standard deviation from at least three experiments.

3836 SUTHERLAND ET AL. INFECT. IMMUN.



FIG. 3. Microscopic analysis of infected monolayers. (A) Monolayers were inoculated with MC58 expressing green fluorescent protein (GFP) and
then fixed 24 h later. The tight-junction protein ZO-1 was labeled, and the layers were examined by confocal microscopy. Despite bacterial infection, the
pattern of ZO-1 labeling was unaffected. Scale bars, 5 �m. (B and C) For TEM, monolayers were challenged with MC58 and fixed 8 or 24 h later. After
8 h the monolayer remained intact and appeared undamaged despite the presence of bacterial colonies on the apical surface. Bacteria adhered tightly
to cells and were often on pedestallike protrusions from the apical membrane. (D) After 24 h, there was no apparent disruption to the integrity of the
monolayer despite increased numbers of bacteria on the apical surface. (E) No gaps in the layer were observed. Adherent bacteria remained tightly
associated with the apical membrane. (F) Enlargement of the region between cells revealed the presence of major junctional structures. The boxed
regions in panel D indicate sections enlarged are in panels E and F.
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FIG. 4. Identification of a population of intracellular bacteria in infected Calu-3 monolayers. Monolayers of cells were challenged with
N. meningitidis at an MOI of 40. (A) After 8 or 24 h, cells were treated with gentamicin to kill extracellular bacteria and then lysed with
saponin to release intracellular bacteria, which were enumerated by plating of the lysates. Each spot represents the result from an individual
well from three separate experiments. Horizontal bars represent the arithmetic mean. (B) Latrunculin A and trypsin were used to disrupt
the monolayer before treatment with gentamicin. Treatment with these chemicals caused no significant reduction in the gentamicin-
protected population of N. meningitidis. No bacteria were recovered after gentamicin treatment in the absence of Calu-3 cells. Error bars
show the standard deviation from at least three separate experiments. (C) Representative images showing intracellular bacteria (indicated
by pink arrowheads), present in the monolayer at 24 h postinoculation. Monolayers were infected with MC58 expressing GFP at an MOI
of 40 and fixed after 24 h. Extracellular bacteria were labeled by using an �L3,7,9 LPS MAb, followed by a RRX-conjugated secondary
antibody (red). Actin was stained with Alexa 647 phalloidin (blue). Scale bars, 5 �m. Boxed areas are enlarged in the lower panels of i and ii.
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trypsin for 20 min is sufficient to remove all cells from the
membrane, while treatment with latrunculin A for 15 min leads
to a complete loss of TEER (not shown). Treatment with
latrunculin or trypsin did not alter the number of CFU recov-
ered from the layer after exposure to gentamicin (Fig. 4B), a
finding consistent with the bacteria being in an intracellular
compartment. In addition, we performed confocal microscopy
of cross-sections of the monolayer at 24 h after bacterial chal-
lenge. This revealed the presence of N. meningitidis within
cells, including bacteria located in the basal regions of cells
(Fig. 4C).

Tfp and the polysaccharide capsule are required for tra-
versal of the monolayer. For several pathogens, the mecha-
nisms mediating adhesion to and entry into cells in monolayers
are different for those described with semiconfluent cells (22,
45). Since Tfp have been implicated in meningococcal traversal
of gastrointestinal epithelial cells (50), we examined the ability
of a mutant lacking Tfp (MC58�pilE) to cross the respiratory
epithelial cell barrier. The apical surface of Calu-3 monolayers
were challenged with a 1:1 ratio of the wild-type strain and
MC58�pilE, and the ratio of the strains exiting the layer was
determined at 8 and 24 h postchallenge. At these times, inserts
containing infected membranes were washed thoroughly in
media and then transferred into new wells. Aliquots from the
basolateral chambers of new wells were taken 1 h later and
plated to media with or without antibiotics, and the competi-
tive index (CI) of the mutant calculated. Wells with inserts
lacking cells were challenged with the same inoculum as con-
trols. We found that MC58�pilE had a significant defect for
traversal across the Calu-3 monolayer after 24 h with a mean
logCI of approximately �0.5 (Fig. 5A). To determine how Tfp
contribute to traversal, we analyzed the adhesion of the pilus-
deficient mutant and the wild-type strain to the polarized res-
piratory monolayer in separate wells. Consistent with the CI
for MC58�pilE for traversal, the Tfp mutant had a signifi-
cant defect for adhesion to the monolayer (P 	 0.001, Fig.
5B). Furthermore, the adhesion defect of MC58�pilE was
reflected in reduced recovery of intracellular bacteria from
MC58�pilE-infected monolayers compared to MC58-in-
fected cells (Fig. 5C).

It has been proposed that Tfp expression is downregulated
after initial adhesion to host cells (12). Therefore, we exam-
ined pilus expression in bacteria following passage through the
monolayer. Slot blot analysis using the MAb SM1 was per-
formed on bacteria recovered from the apical and the basolat-
eral chambers of wells challenged with MC58. While all 10
colonies from the apical chamber expressed Tfp, 8 of 10 col-
onies were positive for Tfp in the basolateral chamber (Fig.
5D). Identical findings were obtained when the experiment was
performed on a separate occasion.

Recent work has indicated that the sialic acid polysaccharide
capsule of N. meningitidis contributes to survival within epithe-
lial cells (60). We hypothesized that the capsule is also involved
in traversal. Therefore, we determined the CI for traversal of
MC58�siaD, which is unable to express a capsule due to loss of
SiaD, the polysialic acid transferase (26). The unencapsulated
strain had a marked defect in traversal (Fig. 6A); after 8 h the
mean logCI of the MC58�siaD mutant was �1.2, while by 24 h
the logCI had fallen to almost �4. To understand the basis of
this defect, we examined the adhesion of MC58�siaD to mono-

FIG. 5. Tfp are important for traversal of the epithelial cell barrier.
(A) Monolayers of Calu-3 cells were challenged with a 1:1 mixture of
MC58 and MC58�pilE on the apical surface, and the ratio of the
strains exiting the basolateral surface over 1 h was determined 8 and
24 h later. The mutant lacking Tfp had a significant defect for traversal.
The results are shown as the log competitive index (logCI). Each spot
represents the result from an individual well from three separate ex-
periments. Horizontal bars represent the arithmetic mean. (B) Mono-
layers of Calu-3 cells were challenged with either MC58 or
MC58�pilE. After 3 h the monolayers were washed and then lysed with
1% saponin to release all cell-associated bacteria. Enumeration of
cell-associated bacteria by plating revealed a large reduction in the
numbers of cell-associated bacteria for the pilus-deficient strain.
(C) Intracellular bacteria were recovered by the lysis of cells with
saponin after gentamicin treatment. MC58�pilE is present in reduced
numbers within the cells of the monolayer after 8 and 24 h compared
to MC58. No bacteria were recovered after gentamicin treatment in
the absence of Calu-3 cells (data not shown). Significant differences are
indicated: *, P 	 0.05; **, P 	 0.01; and ***, P 	 0.001 (unpaired t
test). (D) Slot blot analysis of pilin expression in 10 randomly selected
colonies from the apical and basolateral chambers of wells after a 24-h
infection with MC58. Eight of 10 colonies expressed pilus in the ba-
solateral chamber compared to 10 of 10 colonies in the apical chamber.
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layers. Consistent with previous work (26), we found that the
capsule deficient strain had a significant increase in adhesion
(approximately five fold) compared to MC58 (P 	 0.001, Fig.
6B). We also recovered intracellular bacteria from MC58 and
MC58�siaD-infected monolayers 24 h after challenge. In con-
trast to adhesion, there was a significant reduction in the in-
tracellular population of MC58�siaD compared to MC58 at
this later time point (P 	 0.001, Fig. 6C). Furthermore, since
capsule expression is downregulated during adhesion (12), we
examined capsule expression in bacteria from the apical and
basolateral chambers at 24 h postchallenge. All strains were
found to be encapsulated by ELISA (Fig. 6D). Both the pilus-
and the capsule-deficient strains grew in media and crossed
membranes without cells as MC58 (not shown), so their atten-
uation cannot be ascribed to a growth defect or failure to pass
through the pores in the membranes.

An intact microtubule network is required for successful
traversal. Transcellular traversal of cells by bacteria should be
dependent on host as well as bacterial factors. Since microtu-
bules are required for long-range trafficking of vesicles, includ-
ing those containing pathogens, such as Salmonella enterica

serovar Typhimurium (53) and N. gonorrhoeae (76), we next
examined whether disruption of the microtubule network using
taxol or nocodazole affected meningococcal traversal. Taxol
inhibits the depolymerization of tubulin subunits, freezing in-
tact microtubules (30). In contrast nocodazole depolymerizes
microtubules, leaving cells devoid of polymerized tubulin (11).
Neither drug affected bacterial replication in vitro (see Fig. S4
in the supplemental material) or the permeability of the layer
to fluorescent tracer, although some reduction in TEER was
detected (see Fig. S5 in the supplemental material). To con-
firm the effect of these treatments on cells, monolayers were
examined 24 h after drug treatment for the presence of micro-
tubules and the tight junction protein occludin (see Fig. S6 in
the supplemental material). Abnormalities in the microtubule
networks of the cells of the monolayers, including cells under-
going abnormal cell division, were seen in taxol-treated cells
(see Fig. S6 in the supplemental material). In contrast, �-tu-
bulin labeling was diffuse throughout nocodazole treated cells,
consistent with microtubule depolymerization (see Fig. S5 in
the supplemental material). The distribution of occludin was
unchanged after treatment with taxol or nocodazole, demon-

FIG. 6. The polysaccharide capsule is crucial to the traversal of N. meningitidis. (A) The apical surfaces of Calu-3 cells were infected with a 1:1
mixture of MC58 and MC58�siaD, and the ratio of the strains exiting the basal surface over 1 h at 8 and 24 h was determined. The capsule-deficient
strain had a significant defect for traversal. The data are shown as the log competitive index (logCI). Each spot represents the result from an
individual well from three separate experiments. Horizontal bars represent the arithmetic mean. (B) Monolayers of Calu-3 cells were challenged
with either MC58 or MC58�siaD. After 3 h monolayers were washed and then lysed with 1% saponin to release cell-associated bacteria.
Enumeration of cell-associated bacteria by plating revealed a large increase in the numbers of cell-associated MC58�siaD compared to the
wild-type strain. (C) Intracellular bacteria were recovered by the lysis of cells with saponin after gentamicin treatment. Despite its increased
adhesion, MC58�siaD is present in reduced numbers within the cells of the monolayer after 24 h compared to MC58. No bacteria were recovered
after gentamicin treatment in the absence of Calu-3 cells (data not shown). Significant differences are indicated: *, P 	 0.05; **, P 	 0.01; and
***, P 	 0.001 (unpaired t test). (D) Monolayers were infected with MC58 as described, and bacteria were recovered from the apical and
basolateral chambers 24 h later. Individual colonies (10 from each chamber) were grown overnight on solid media, and analyzed for capsule
expression by ELISA using an anti-serogroup B MAb at a variety of dilutions. The unencapsulated strain MC58�siaD and the wild-type strain were
included as controls. All strains sampled from apical and basolateral chambers were encapsulated. Spots represent the A492 of each strain.
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strating (along with the TEER and tracer data) that the layer
remained intact despite drug treatment. Treatment of cells
with taxol or nocodazole led to a significant decrease in tra-
versal of N. meningitidis at 8 and 24 h postchallenge (the P
values for the taxol- and nocodazole-treated layers were 	0.05
and 	0.01, respectively [Fig. 7A]). Interestingly, treatment of
the layers with taxol or nocodazole did not affect the number
of intracellular bacteria at 8 or 24 h (Fig. 7B). Taken to-
gether, these data demonstrate that an intact microtubule
network is necessary for successful traversal of the layer by
N. meningitidis.

Infection of Calu-3 monolayers grown under air interface
culture (AIC). Calu-3 monolayers can be grown under an air
interface culture (24). Cells were seeded as described above
except the medium was removed from the apical chamber 2
days after seeding. Monolayers were then left for a further 3
days. Consistent with previous work (24), the TEER across
monolayers with AIC was approximately half that seen with
monolayers grown under liquid-covered culture (LCC) (Fig.
8A). TEM examination revealed that the AIC monolayers

closely resemble LCC monolayers (Fig. 8B). Competitive in-
fections comparing the traversal of MC58 with pilus-deficient
or capsule-deficient mutants with MC58 were performed using
the AIC monolayers. In contrast to LCC monolayers, no tra-
versal had occurred at 8 h postinoculation. However, by 24 h
some bacteria had traversed the monolayer. Both the pilus-
deficient and the capsule-deficient mutants had significant de-
fects for traversal (Fig. 8C and D). These results indicate that
AIC monolayers could be adapted to investigate N. meningiti-
dis infection and retain their selective barrier function during
meningococcal traversal.

Role of CD46 during adhesion of N. meningitidis to polarized
respiratory epithelial monolayers. CD46 is the proposed re-
ceptor for meningococcal Tfp (33). Therefore, we examined
whether CD46 is expressed by Calu-3 cells. Western blot anal-
ysis was performed on whole-cell lysates cells from Calu-3
cells, as well as HeLa cells, which is known to express CD46
(39). We found Calu-3 cells expressed CD46 at higher levels
than HeLa or COS-7 cells (Fig. 9A). Next, we analyzed the
distribution of CD46 in Calu-3 monolayers. CD46 was local-

FIG. 7. Disruption of microtubules within cells of the monolayer reduces traversal of N. meningitidis. (A) Calu-3 monolayers were treated with
nocodazole or taxol and then challenged with MC58 at an MOI of 40. The number of bacteria in the basolateral chamber was established by plating
at 8 and 24 h postchallenge. Both nocodazole and taxol caused a significant reduction in the number of bacteria in the basolateral chamber at both
time points compared to untreated layers. (B) Monolayers of Calu-3 cells were treated with nocodazole or taxol and then challenged. Intracellular
bacteria were recovered by lysis of cells with 1% saponin after exposure to gentamicin for 30 min. There was no significant difference in the number
of intracellular bacteria at 8 or 14 h for either drug treatment compared to untreated layers. No bacteria were recovered after gentamicin treatment
in the absence of Calu-3 cells (data not shown). Error bars show the standard deviation from at least three separate experiments. Significant
differences are indicated: *, P 	 0.05; **, P 	 0.01; and ***, P 	 0.001 (unpaired t test).
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ized to the basolateral aspect of cells in the monolayer (Fig.
9B), an observation consistent with findings from other cell
types and tissues (36, 41, 66). Furthermore, challenge of mono-
layers with N. meningitidis did not affect the basolateral distri-
bution of CD46 (Fig. 9C), which was confined to the lateral
and basolateral margin of cells.

To test whether CD46 is involved in meningococcal adhe-
sion to the monolayer, two different approaches were used.
First, MC58 was incubated with purified CD46 (6.25 �g of
CD46 per 107 bacteria) for 30 min prior to infection of Calu-3
monolayers, and the adherent population was compared to
bacteria incubated in the absence of the complement regula-

tor. There was no significant difference in the level of adhesion
of CD46-bound bacteria compared to bacteria that were not
preincubated with CD46 (Fig. 9D). Furthermore, the rate of
bacterial adhesion was determined with anti-CD46 MAbs in
the infection medium (2 �g of anti-CD46 antibody per 1.6 �
107 CFU). At 3 h after challenge, the adherent population of
bacteria was compared to control wells without a MAb or with
an isotype control. No significant difference in the adhesion of
meningococci to the monolayer was observed in the presence
of the MAbs (Fig. 9E). These data are consistent with CD46
playing little role in the adhesion of MC58 to the Calu-3
monolayers.

FIG. 8. Challenge of monolayers grown with an air interface (AI). (A) Monolayers were seeded as for liquid covered monolayers, but the
medium was removed from the apical chamber after 2 days. After 5 days the levels of TEER in the AI monolayers were approximately half that
seen for layers grown in medium. Significant differences are indicated: *, P 	 0.05; **, P 	 0.01; and ***, P 	 0.001 (unpaired t test). (B) TEM
of AIC monolayers at 5 days. The gross morphology of the layer is not significantly different from that seen in monolayers grown under standard
conditions. A lower-magnification view (scale bar, 5 �m) shows cells organized into a monolayer of columnar cells joined by tight junctions (TJ)
and desmosomes (D). The cell culture membrane (CCM) can be seen on the basolateral surface of the cells. Boxed sections are enlarged in panels
i and ii (scale bar, 1 �m). (C) Competitive index of MC58�pilE across AI monolayers. In contrast to monolayers grown under medium, there was
no traversal of N. meningitidis at 8 h. However, by 24 h some bacteria had traversed the layer. The pilus-deficient mutant has a defect for traversal
compared to MC58. (D) CI of MC58�siaD for traversal across AI monolayers. The capsule-deficient mutant had a large defect for traversal. The
results are shown as the log competitive index (logCI). Each spot represents data from an individual well from three separate experiments.
Horizontal bars represent the arithmetic mean.
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DISCUSSION

The ability of bacteria to cross cellular barriers is critical during
colonization and disease. These barriers can be formed in the host
by a variety of cell types, including epithelial and endothelial cells,
and at mucosal surfaces they form a key component of innate
immunity against infectious agents. The first cell barrier encoun-
tered by bacteria in the nasopharynx is the pseudostratified co-

lumnar epithelium of the upper respiratory tract. Here, we char-
acterized the interaction of N. meningitidis, an important human
pathogen with monolayers of polarized Calu-3 cells. Although
this cell line is derived from the bronchial epithelium, it is relevant
for studying the biology of the meningococcus since the respira-
tory tract is lined by a columnar epithelium from the posterior
nares down to the distal bronchioles.

FIG. 9. Role of CD46 during binding of N. meningitidis to polarized respiratory epithelial monolayers. (A) CD46 expression detected by
Western blot analysis of lysates of cell lines (indicated). Full-length CD46 migrates with predicted molecular masses of between 50 and 79
kDa, while the purified SCR domains are detected as a band of 40 kDa. (B) Expression of CD46 in polarized monolayers examined by
confocal microscopy. Five-day-old monolayers immunolabeled for CD46 detected with a fluorescein isothiocyanate (FITC)-conjugated,
secondary antibody (green). Actin was counterstained with phalloidin conjugated to an Alexa 595 fluorophore (red). (C) Monolayers of
Calu-3 cells were infected with MC58 expressing eGFP (green) at an MOI of 40 for 8 h, and immunolabeled CD46 was detected with a RRX
(red)-conjugated secondary antibody; actin was stained using phalloidin conjugated to Alexa 647 (blue). Representative images are shown.
Scale bars, 5 �m. (D) Monolayers of Calu-3 cells were challenged with MC58 at an MOI of 40 with or without 25 �g of purified CD46 per
well (105 cells). MC58 and purified CD46 were preincubated for 30 min prior to challenge. Monolayers were also infected with MC58
preincubated with DMEM:F12 as a control. (E) Calu-3 cells were infected with MC58 at an MOI of 40 in presence or absence of anti-human
CD46 MAbs (indicated) at 2 �g/ml. Adhesion of N. meningitidis to cells was calculated by recovering bacteria 3 h later; error bars indicate
the standard deviations of experiments performed on three occasions.

VOL. 78, 2010 EPITHELIAL TRAVERSAL BY N. MENINGITIDIS 3843



Semiconfluent Calu-3 cells grown on impermeable sub-
strates exhibited patterns of adhesion and uptake of N. men-
ingitidis similar to those seen with Chang cells, which have been
widely used for studying this bacterium. Adhesion of the me-
ningococcus to Calu-3 cells was largely dependent on Tfp, a
finding consistent with previous work with other cell lines (47,
50, 69), and invasion occurred at low, but appreciable levels.
When propagated on semipermeable membranes, Calu-3 cells
polarized and formed monolayers (24, 56), which gave high
levels of TEER and were impermeable to fluorescently labeled
tracers and nonpathogenic E. coli. Furthermore, the distribu-
tion of the tight junction proteins ZO-1 and occludin, as well as
electron microscopy, demonstrated that the cells displayed all
of the characteristics of pseudostratified columnar epithelial
cells linked by a full range of junctional structures.

There is a distinction between pathogens that utilize a trans-
cellular route to cross epithelial cell monolayers (19) and bac-
teria that cross by a paracellular route after destruction of cells
of the layer or disruption of tight junctions (1, 10, 18, 34, 35, 40,
55, 59, 68). There is conflicting evidence about the route that
the meningococcus takes to traverse the epithelial cell barrier
in the nasopharynx. Work with intestinal epithelial cells indi-
cates that the bacterium migrates using a transcellular route
(50). In contrast, the meningococcus appeared to traverse an
endometrial epithelial-endothelial bilayer by both a para- and
a transcellular route (3). Furthermore, the bacterium crosses
the brain microvascular endothelial cells by a paracellular
route (8). We found that Calu-3 monolayers continued to
display barrier function during traversal of N. meningitidis.
There was a minor reduction in TEER across the monolayers
during challenge, but this was observed to some extent in both
infected and uninfected monolayers. However, the levels of
TEER never fell to less than 40% of the initial readings, which
is similar to the levels following challenge with E. coli (which
did not cross the cell barrier), and monolayers remained im-
permeable to fluorescent tracers with no change in the distri-
bution of ZO-1 after infection. In addition, we were unable to
detect any cell destruction or alteration of junctional structures
by TEM. We also found that the monolayers allowed the se-
lective passage of strains during mixed infection experiments,
confirming that traversal does not result from loss of integrity
of the barrier. Finally, an intracellular population of bacteria
was detected in Calu-3 monolayers by recovery of viable or-
ganisms after treatment with gentamicin and by confocal mi-
croscopy. Attempts were made to obtain Z-stack images of
infected monolayers but were unsuccessful because of
autofluorescence of the membranes and bleaching of the signal
when taking multiple images. To circumvent this, membranes
were folded back on themselves to allow acquisition of high-
resolution, cross-sectional images of infected monolayers with-
out including the membrane itself (Fig. 5E); inside-out staining
was used to confirm the intracellular location of bacteria. Thus,
we have several independent lines of evidence that that N.
meningitidis crosses the respiratory epithelial barrier by a trans-
cellular route.

Work with polarized epithelial cells in monolayers has pro-
vided novel insights into the mechanisms and sites of adhesion
of pathogens. For instance, the entry of Shigella flexneri was
shown to be restricted to the basolateral surface of epithelial
cell monolayers (45), while a novel adhesin was identified in

Salmonella which is specifically involved in adhesion to polar-
ized cells (22). Here we found that Tfp mediate attachment of
the meningococcus to the monolayer, as well as to semiconflu-
ent cells, demonstrating that the mechanisms of initial adhe-
sion are similar in nonpolarized and polarized cells.

To identify bacterial factors involved in traversal, we per-
formed competitive assays between the wild-type and mutant
strains. The advantage of this approach is that it eliminates
well-to-well variation in the overall level of traversal and allows
direct comparison of the extent of traversal of strains. Consis-
tent with previous results (50), we found that the mutant lack-
ing Tfp had a significant defect for traversal across the mono-
layer compared to the wild-type strain. The defect for adhesion
of the pilus deficient strain to polarized monolayers was similar
in magnitude to the reduction in number of intracellular bac-
teria and the overall defect of MC58�pilE for traversal. These
data suggest that Tfp contribute to traversal during the attach-
ment of the bacterium to the apical surface of cells. However,
a significant proportion of bacteria were pilus negative follow-
ing traversal of the monolayer, which is likely to reflect anti-
genic variation from gene conversion with pilS resulting in a
pilin-deficient phenotype (9). It might be that Tfp are required
for initial adhesion by mediating bacterial aggregation, but
subsequent cell entry requires individual (possibly Tfp-nega-
tive) bacteria to dissociate from microcolonies on the cells
(32).

We found that Calu-3 monolayers express the proposed Tfp
receptor CD46 (33), which further widens the scope for exper-
imentation using this cell culture model. However, other find-
ings do not support a role of CD46 in meningococcal adhesion
(13, 23, 37, 52, 67). Therefore, the Calu-3 monolayer offered
another approach to investigating this topic. Although there is
evidence that CD46 is expressed on the apical surface of the
respiratory epithelium (58), CD46 was confined to the baso-
lateral surface of Calu-3 cells in the monolayer; this is similar
to findings from examination of the liver (36) and cell culture
models (41, 66). As expected from its basolateral location, we
did not find evidence that CD46 contributes to the adhesion of
N. meningitidis since the addition of purified CD46 or anti-
CD46 MAbs did not inhibit bacterial attachment, in contrast to
previous findings (33). This discrepancy could be because we
used the four extracellular, complement regulatory, SCR do-
mains of CD46 rather than the full-length molecule, whereas
the MAbs may not be able to compete effectively with inter-
actions with the bacterium. Further studies are necessary be-
fore it is possible to exclude a contribution of CD46 to initial
binding of N. meningitidis to Calu-3 cells.

There was a significant reduction in the recovery of cap-
sule-deficient (�siaD) mutant from within polarized Calu-3
monolayers despite a 5-fold increase in adhesion of this
strain, a finding consistent with previous work indicating
that the capsule is dispensable for cell entry (27, 72). The
polysaccharide capsule has been proposed to have an im-
portant role in the survival of N. meningitidis in epithelial
and endothelial cells (48, 60). We found that the �siaD
mutant exhibited a dramatically reduced rate of traversal of
monolayers, far in excess of its defect for intracellular sur-
vival, suggesting that the capsule has further roles during
exit of the bacteria from the basolateral pole of cells. Thus,
the capsule is virtually indispensable for passage across the
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respiratory epithelial barrier (during intracellular survival
and escape from the basolateral surface). This emphasizes
the need to consider the traversal of the epithelial barrier by
the gonococcus (which does not possess a capsule) and N.
meningitidis independently and not assume that the findings
from one pathogen can be extrapolated to the other.

We found that the traversal of Calu-3 monolayers by the
meningococcus was impaired by interfering with the micro-
tubule network using either taxol or nocodazole. The only
example of apical to basal traversal of monolayers using a
paracellular route without disrupting tight junctions is the
passage of leukocytes across epithelia. However, this path-
way is not affected by inhibiting the microtubule network
with taxol or nocodazole (29). Therefore, the impact of
microtubule disruption on the passage of bacteria provides
further evidence for a transcellular route of meningococcal
traversal. These data also indicate that traversal by N. men-
ingitidis does not occur by the same mechanism as transcy-
tosis of polymeric immunoglobulins, which is initiated by
receptor-mediated, clathrin-dependent endocytosis (44) and
does not require intact microtubules (31). We also found
that the number of intracellular bacteria at 8 and 24 h was
not affected by microtubule disruption, suggesting that mi-
crotubules are involved in basolateral escape of meningo-
cocci from cells rather than entry.

To date, the intracellular niche occupied by N. meningiti-
dis has not been defined. No markers of intracellular com-
partments have been found to consistently colocalize with
intracellular meningococci (48, 50, 71), and the bacterium
has even been detected in the cytoplasm by some workers
(65). Therefore, Calu-3 monolayers could be used to more
precisely define the mechanisms and route of transcellular
passage of this important human pathogen. Calu-3 cells can
also be grown with under AIC conditions. This is a more
lengthy process, but it has been reported that the cells can
produce cilia and may produce an even more physiologically
relevant model of the nasopharyngeal epithelium (24). AIC
monolayers still have barrier function and are morphologi-
cally resemble monolayers grown under LCC. Furthermore,
Calu-3 cells could also be used to study the epithelial tra-
versal of other pathogens present in the respiratory tract,
including Streptococcus pneumoniae and Haemophilus influ-
enzae. The results should provide valuable information
about the pathogenesis of these bacteria, while defining the
factors necessary for migration across the epithelium could
lead to the development of vaccines to prevent the diseases
they cause.
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